Volcanic eruptions have a significant effect on ecosystems, including soil and its fungal communities. Due to the eruption of the Puyehue-Cordón Caulle in 2011, thick tephra deposits accumulated in several Nothofagus pumilio forests in Northern Patagonia. The tephra deposition affected plant establishment and development during the post-eruption period. In this work we analyzed rhizosphere fungal communities associated with N. pumilio seedlings at three study sites sampled three years after the eruption, two with a thick tephra layer (50 cm) and a third site with no tephra deposition. Denaturing gradient gel electrophoresis (DGGE) was performed for the different fungal communities (Ascomycetes, Basidiomycetes and Total fungi). We found clear shifts in rhizosphere fungal communities, especially for Basidiomycetes and Total fungi. Site-related characteristics, such as type of substrate, light intensity and the existence of understory and previous mycelial networks, seemed to be the main factors determining the structure of these fungal communities. Given their sensitivity to different types of environmental change, these microbial communities could be used as bioindicators. Specifically, Basidiomycetes and total fungi seem to be better bioindicators of environmental changes than ascomycetes. The results shown here contribute to the understanding of how fungal communities respond to disturbance, an important issue in the evaluation of how ecosystem processes might be affected in areas commonly subjected to geological risks, such as volcanism.
Introduction
It is well known that disturbance events generate changes in ecosystem processes and thus determine changes in community structure. Disturbed landscapes therefore provide an opportunity for the study of ecological processes important to ecosystem dynamics and the management of natural resources. This is particularly true of physical disturbance, such as forest fires, floods and storms (Shade et al., 2012; Choi et al., 2017) . Volcanic eruptions are also highmagnitude physical disturbances in which lava, tephra and various gases are usually expelled into the atmosphere, tephra fall being one of the major disturbances associated with these events (Swanson and Major, 2005; González et al., 2014) . Volcanic eruptions usually have a very serious impact on the structure and dynamics of ecosystems, affecting not only plant and animal communities (Swanson and Major, 2005; González et al., 2014; Swanson et al., 2016) , but also microorganisms that have important ecological roles to play (Nara et al., 2003; Yamanaka and Okabe, 2006) . Since microbial communities are crucial to the functioning of all ecosystems, understanding the main factors affecting their dynamics is important for prediction of a community's response to disturbance (Shade et al., 2012) .
In a related work, the authors described how different abiotic factors, such as light intensity and P availability, significantly influenced the recruitment and development of Nothofagus pumilio seedlings in native forests severely affected by tephra deposits from the latest eruption of the Puyehue-Cordón Caulle volcanic complex (PCCVC) in 2011. In addition to the abiotic factors evaluated in the above study, several biotic factors, such as soil microorganisms, may also influence N. pumilio adaptation to post-eruption conditions. Soil fungi are the dominant eukaryotic lineage in terms of biomass, and play fundamental ecological roles as decomposers, mutualists and pathogens, thus contributing to the regulation of aboveground biodiversity (Dighton et al., 2005; Wagg et al., 2011) . In addition, fungi are excellent bioindicators of environmental health, including soil quality and fertility (Rai and Varma, 2011) . Consequently, in terms of research these organisms represent one of the most interesting microbial groups in the soil environment. The fact that in Patagonia several studies are being carried out on mycorrhizas (Fontenla et al., 1998; Fernández et al., 2012; Nouhra et al., 2013; Fernández et al., 2015; Marín et al., 2016) and other soil fungal communities (Mestre et al., 2011; Díaz et al., 2017) reinforces the importance of describing these organisms in natural ecosystems.
However, shifts in fungal communities after drastic volcanic eruption has not been previously studied, despite being quite a frequent natural disturbance in this region. In the first years following the PCCVC eruption, seed germination occurred directly on the thick tephra deposits; therefore, roots were not able to exploit the underlying soil. Since nutrient content in the tephra may not be sufficiently rich to satisfy vegetation requirements (Cremona et al., 2011) , the fungal communities associated with the root systems of N. pumilio seedlings might be a decisive factor in determining recruitment of individuals and development of the forest, as has been described for other plant species in different ecosystems (Nara and Hogetsu, 2004; Allen et al., 2005) .
Over the last two decades, methods used to describe the diversity of soil microbial communities have shifted from cultivation-based to culture-independent approaches, which is of critical importance to the understanding of soil ecology, since only a minor fraction of soil microbial communities is cultivable (~1 %). Some widely used molecular methods are fingerprinting techniques, which provide a profile of the genetic diversity in a microbial community.
Denaturing gradient gel electrophoresis (DGGE) is
one of the most commonly used methods for typing and comparing soil microbial communities. Using DGGE many samples can be analyzed simultaneously, making this technique a powerful tool for monitoring community behavior after environmental change (Muyzer et al., 2004; Valášková and Baldrian, 2009 ). The result of DGGE is a pattern of bands, the number of which corresponds to the number of predominant members in the microbial community, and band intensities indicate their relative abundance. This molecular method also has some limitations; for example, a single band may not necessarily represent one species alone, since different DNA sequences with identical GC contents may have similar motilities. Taking this into account, it should be considered that the "picture" of communities provided by DGGE fingerprinting is mostly related to the structure and relative abundance of the main populations, rather than to total richness and diversity (Muyzer and Smalla, 1998; Muyzer et al., 2004; Valášková and Baldrian, 2009 ).
Based on the above, the aim of this study was to analyze different fungal communities associated with the rhizosphere of N. pumilio seedlings almost three years after the PCCVC eruption in two sites with large tephra deposits (~50 cm), and to compare them with rhizosphere communities of seedlings growing in a forest minimally affected by tephra deposition (0-2 cm). DGGE was used to study the different fungal communities (Ascomycetes, Basidiomycetes and Total fungi). We tested the hypothesis that the structure of rhizosphere fungal communities associated with N. pumilio roots was similar for seedlings growing on the thick tephra deposits, but significantly different from those of seedlings established in the forest soil.
Material and Methods

Study area and sampling
This study was carried out in native N. pumilio forests of Northern Patagonia, the sampling sites being located on the border between Argentina and Chile.
Briefly, two study sites were located close to the in- 
Molecular procedures
The substrate adhered to the roots of each seedling was carefully removed by gentle shaking, air-dried (Table   1 ). For the second PCR reaction the ITS1F / ITS2-CG primers (Table 1) 
Results
The DGGE analyses of rhizosphere fungal communities associated with roots of N. pumilio seedlings 
Discussion
Our results from the DGGE analyses showed that variation between the different rhizosphere fungal communities depended mainly on the substrate (tephra or native forest soil) and forest site. Significant differences between substrates or sampling sites were not found for Ascomycetes (Figure 1a of which are Basidiomycetes (Tedersoo et al., 2009 , Nouhra et al., 2013 , Fernández et al., 2015 , and that this symbiosis had been registered in N. pumilio seedlings growing in the tephra, this phenomenon could be attributed to the composition of ectomycorrhizal communities, which would be similar in seedlings growing in tephra (CS1 and CS2) but completely different in those located in native forest soil (CO). This is because a volcanic eruption creates a vast barren desert for primary succession due to the recently deposited tephra, where there are very few or no initial fungal propagules, (Nara et al., 2003; Allen et al., 2005; Yamanaka and Okabe 2006) , while in the forest soil there are mature and well-established microbial communities and functional mycorrhizal networks.
Regarding Total fungal communities (Figure 1c ), differences were detected at both substrate and site levels.
We observed that these rhizosphere fungal communities were more similar within each sampling site than between sites, but samples corresponding to seedlings growing in tephra were grouped together and separated from those located in forest soil. The differentiation found between the three sampling sites is most probably related to intrinsic environmental characteristics (eg. light intensity, pH and P availability), which ultimately influence microbial communities. For example, the type of substrate (soil), the presence of a dense understory and of well-established mycorrhizal networks clearly differentiate the forest of Cerro Otto (CO) from both sites located in Cardenal Samoré (CS1 and CS2). On the other hand, the clear separation of the DGGE patterns corresponding to the two sites with tephra (CS1 and CS2) might be related to the significant differences in light intensity and available P registered. These factors directly affect plant growth and photosynthesis rates, influencing nutrient translocation to the rhizosphere and secretion of root exudates (Chang et al., 2002) , consequently affecting associated fungal communities.
The results presented here agree with previous studies in forests affected by catastrophic events. For instance, Sun et al. (2015) studied fungal communities across a 152-year forest fire chronosequence and observed that their structure and function were clearly siterelated. Additionally, Yang et al. (1998) showed that the composition of EcM in Larix kaempferi seedlings becoming established during the revegetation process following a volcanic eruption in Japan was affected by elevation, litter accumulation, pumice particle size, and tephra thickness. Yamanaka and Okabe (2006) described the distribution of EcM, bacteria and Frankia in newly deposited tephra and its underlying soil through cultivation of Alnus sieboldiana seedlings in these different substrates, and they also found significant differences in microbial communities present in each substrate (tephra vs. soil). It is important to mention that in addition to environmental factors, intrinsic plant characteristics may also influence rhizosphere microbial communities. Nara et al. (2003) demonstrated the underground primary succession pattern of EcM fungi in a volcanic desert on Mt. Fuji in terms of fungal sere, species richness, relative abundance, and community structure, and most results indicate that these successional patterns were closely related to host growth (evaluated as small, middle-sized and large specimens). These findings are in agreement with our results, since the bigger size of seedlings from the site with thick tephra deposits and mostly dead trees (CS2) might also explain the differences in total fungi communities observed between the two sites with tephra (CS1 and CS2).
For the three fungal groups analyzed in this study, the highest similarity values (Bray-Curtis index) were registered for rhizosphere fungal communities of seedlings growing in the tephra (Figure1), thus supporting our initial hypothesis. The structure of rhizosphere fungal communities in N. pumilio seedlings were more similar between the two sites with high tephra deposition (CS1 and CS2) than between any of these sites and the forest minimally affected by the eruption (CO). In addition, we observed that DGGE patterns of the seedlings from Cerro Otto (CO) tended to be different not only from those growing in the tephra but also from each other, suggesting that rhizosphere fungal communities were more different and diverse in this environment than at the sites with tephra.
Even though we detected differences in fungal community structure and composition, diversity indices for the different fungal groups (Ascomycota, Basidiomycota, Total fungi) were similar for the three sampling sites (Table 2) . Similar results were obtained by Choi et al. (2017) , who demonstrated that despite significant changes in both taxonomic composition and functional gene profiles of the soil biota during a microcosm experiment affected by a severe nonselective disturbance, the Shannon diversity index did not show significant changes over time. This phenomenon might be related to the fact that recently disturbed sites have the same (Maaß et al., 2014) , or even higher, diversity than stable systems (Maaß et al., 2014; Sun et al., 2015) , mainly due to the occurrence of high macro-and micro-scale heterogeneity (Jumpponen and EgertonWarburton, 2005; Iodarche et al., 2009) . For example, Sun et al. (2015) found that fungal richness and diversity was higher in a recently burned forest than in sites with more distant fire events. However, some 
Conclusions
We found that DGGE analysis of rhizosphere fungal communities of N. pumilio seedlings constitutes an interesting molecular tool for describing microbial shifts during succession after high magnitude disturbances. This points to the possibility of using these fungal communities as bioindicators of environmental change. In this case study we found that Basidiomycetes and Total fungi communities seem to be better bioindicators than Ascomycetes. The changes observed in the different rhizosphere fungal groups with regard to the substrate and sites in which the seedlings were growing could be explained by a combination of several biotic (e.g., plant traits and development, mycorrhiza occurrence) and abiotic factors (e.g., light, pH, water and nutrient content of the substrate). According to our results, these factors influence fungal communities in different ways; for example, site-related characteristics were significant in determining the structure of Total fungi communities, but the type of substrate and probably the EcM associated with the seedlings were more important in structuring Basidiomecete communities. Further study of these dynamic systems is necessary in order to identify how these factors determine different ecological patterns associated with high magnitude disturbances, not only for prediction of how microbial communities respond to disturbance and how this could affect ecosystem processes, but this information could also be used in the development of subsequent assisted restoration activities.
